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We study a novel millimetre-scale magnetic trap for ultracold atoms, in which the current carrying
conductors can be situated outside the vacuum region, a few mm away from the atoms. This design
generates a magnetic field gradient in excess of 1000 G/cm at a distance of 2 mm from the conductors.
We perform electromagnetic and thermo-mechanical characterisation using Finite Element Methods
(FEM). The predicted behaviour has been verified by electrical and thermal measurements on a
prototype, but has not been implemented on an apparatus with cold atoms. Operating this trap
at the highest gradient allows for rapid evaporative cooling comparable to that achieved by atom
chips.
PACS numbers: 32.80.Qk
I. INTRODUCTION
The confinement of atoms by magnetic fields is widely
used to hold clouds of atoms in a region of high vacuum
where they are well insulated from the environment. This
enables atoms to be cooled by evaporation, and if the
density is sufficiently high, quantum degeneracy can be
achieved in dilute atomic vapour. Bose-Einstein conden-
sation was first observed using a Time-Orbiting Potential
(TOP) trap [1], and soon after in a Ioffe-Pritchard with
static fields [2, 3]. There are numerous other trapping
configurations including a combination of magnetic fields
and repulsive dipole forces from a laser beam (plugged
quadrupole) and dressed-atom adiabatic potentials [4],
both of which can be used to form ring-shaped clouds
as well as simply connected geometries. Instead of clas-
sifying traps by their principle of operation, they can
be categorised by their method of construction. The
first generation of traps were wound with water-cooled
copper wire, outside the vacuum chamber in most cases,
so that the current carrying conductors were at least a
few centimetres from the atoms – we call these cm-scale
traps. Later, so-called atom chips were developed using
microfabricated wires on the surface of a substrate inside
the high vacuum only tens of micrometres away from the
atoms [5–10]. The advantage of having the atoms in close
proximity to the wires can readily be seen by differenti-
ating the expression obtained from the Biot-Savart law;
the force on the atoms is proportional to the gradient of
the magnetic field which is B′ = (µ0/2pi) I/r2 at a dis-
tance r from a wire carrying current I, e.g. for a distance
r = 10 µm and I = 1 A gives B′ = 2× 105 G/cm. In
many atom chips the conductors lie in the same plane; the
use of a surface trap to give a Ioffe field was described by
Weinstein and Libbrecht [11] which resembles the design
presented here. However, shortcomings of atom chips in-
clude the restriction of the optical access when there is a
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FIG. 1. Current flows counterclockwise in the the inner ring
and in the opposite sense in the outer one. The current flows
only in the segments with dark shading, i.e. there is only a
fraction of the field that would be produced by the full rings.
Although seemingly unphysical, this corresponds to the actual
situation where the current flows are more complicated. The
current density is assumed to be constant in these regions.
The inner, outer radii are 1 mm, 2 mm, and 3 mm, 24 mm for
the inner and outer ring respectively. The plots on the right
hand side show the field from each ring (upper) and the total
field of the configuration (lower). The field is zero at a point
about 2 mm from the surface of the conductors. The extend
of the 2 mm thin conductor is shown in red block shading.
surface close to the atoms. Also the region of space over
which the trapping field extends is relatively small and
an auxiliary trap is required to load atoms into the small
capture volume. A key advantage of the small scale traps
is their much lower power dissipation, e.g., to reach gradi-
ents of 1000 G/cm a typical cm-scale trap will dissipate
electrical power of several kW, which although readily
manageable in a laboratory environment with suitable
electrical power supplies and cooling, is somewhat cum-
bersome. There has been some work with conductors of
intermediate size, which we call mm-scale traps, notably
[12–15], and we give details of a new trap of this type
in this paper. The design goals were to achieve the re-
quired magnetic field gradient with current conductors
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FIG. 2. Design of the cloverleaf surface trap. (a) The trap
comprises of four identical slices with electrical connections
made at the large disks around the outer circumference. The
various cuts in the trap force the current flow to be clockwise
on the outer ring and anticlockwise on the inner one as it flows
between the two electrical connections. The radii of the rings
are the same as in Fig. 1. (b) A schematic of the assembled
trap mounted on a cooling block. The block is divided into
four electrically isolated pieces in order to avoid unwanted
eddy currents.
outside the vacuum region, using only a moderate elec-
trical power of around 1 kW. We assume that the atoms
are 2 mm from the current carrying conductors, i.e. the
vacuum windows are thin (< 1 mm). Moreover the de-
sign allows for a 1 mm diameter hole through which a
laser beam can be directed along the symmetry axis of
the trap, thus making it compatible with optical lattice
experiments. In such experiments the beams forming the
lattice typically have a waist size of 100 µm to 300 µm to
facilitate overlap and give a long Rayleigh range. In this
paper we report on the design and preliminary testing
of the thermal loading and field measurements, but not
actual trapping of atoms. However confinement of cold
atoms is possible by various approaches using a magnetic
quadrupole field and a suitable ultra-high vacuum appa-
ratus.
A. Principle of operation
Quadrupole traps are often formed by using two coax-
ial coils of equal dimensions with current flowing in op-
posite directions. In contrast, this design generates a
quadrupole field using two concentric rings of different
radius (lying on the same plane) [16] as illustrated in
Fig. 1. The coils are connected in series so that the
current flowing through them is exactly the same. We
calculate the magnetic field using the Biot-Savart law.
Integrating the contributions to the field over the radial
and angular coordinates of a current carrying loop gives
the field along the symmetry axis as follows:
B = µ0
√
Pλ
r1ρ
Gz (1)
where P is the total power dissipated in the conductor, λ
is a numerical factor which accounts for the non-uniform
distribution of current in the conductor, ρ is the resistiv-
ity of the conductor, r1 is the inner radius of the conduc-
tor, and
Gz =
√
1
8piβ(α2 − 1)
(
(γ + β) log
α+
√
α2 + (γ + β)2
1 +
√
1 + (γ + β)2
− (γ − β) log α+
√
α2 + (γ − β)2
1 +
√
1 + (γ − β)2
)
(2)
This unitless geometric factor depends on α = r2/r1
which is the ratio of the outer radius of the conductor
r2 to the inner radius r1, β = l/2r2 which is the ratio
of the thickness of the conductor l to the outer radius
and γ = (z2 + z1)/2r1, a rescaled coordinate with z1,
z2 being the distance to the point where the magnetic
field is measured on axis from the close and the far end
of the conductor respectively. In our configuration, the
total field produced is simply calculated as the sum of
two rings with opposite currents and different sizes.
The non-uniform current density distribution in the
actual trap leads to a reduction in the magnetic field as
compared to the field produced by two ring conductors
with uniform current density. Fitting the data from the
finite element analysis with Eq. 1 we find λ = 0.39. The
atoms are trapped near the zero of the magnetic field
where the field contributions from the two rings with
opposite currents cancel each other. We simulated the
behaviour of this current distribution using the software
package RADIA from the European Synchrotron Radia-
tion Facility [17]. As can be seen in Fig. 1, both rings
give magnetic fields that have a maximum at the centre
but the field from the smaller one falls off more rapidly
with distance than that of the larger ring. The position
where the two fields cancel depends on the geometry of
the conductors and the current flow.
Cold atoms in a magnetic trap follow the field adia-
batically so that the tapping potential only depends on
the magnitude of the field. Atoms are only trapped in
weak-field seeking states beacause a static magnetic field
cannot have local maxima in free space; since such states
are not the minimum energy states, atoms may be ejected
from the trap by inelastic collisions and can be lost from
the trap through Majorana transitions when they pass
near a point where the field is zero [18]. One way to plug
the leakage of atoms through Majorana spin flips is by
3creating a TOP trap [1]. This can be implemented by
modulating the current of each quadrant of this trap or
by the addition of a rotating bias field generated using
external coils.
II. DESIGN OF THE CLOVERLEAF SURFACE
TRAP
Based on the above considerations we designed a trap
capable of producing high magnetic field gradients and
be mounted outside the vacuum apparatus. In each of
the four identical pieces shown in Fig. 2, current flows
in through one contact point (disk) and out through its
adjacent one. We designed the trap using freely available
finite element software included in the CAELinux distri-
bution [19]. Our optimised design generates a quadrupole
magnetic field with a gradient in excess of 1000 G/cm
centred at a distance of 2 mm from the top surface of the
conductors. We used the approximation of two current-
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FIG. 3. Effect of varying the relevant dimensions of the trap
on (a) the magnetic field gradient and (b) the point where the
magnetic field is zero measured from the surface of the trap.
The dimensions are referenced to the initial conditions that
were chosen to be the dimensions of the two concentric rings
(see Fig. 1).
carrying rings (as in Fig. 1) to determine starting values
of the optimisation routine. Variations of the parame-
ters relative to the initial values gave the trends shown
in Fig. 3. The position where the field is zero increases
with increasing radii. Decreasing the thickness has the
same effect albeit much more pronounced. The gradient
increases when decreasing any of the dimensions with the
thickness playing the most important role along with the
dimensions of the outer ring. With these trends in mind
we chose the three innermost radii to be as small as pos-
sible and scaled rb2 to increase the point where the field is
zero. We also try to keep l as small as realistically pos-
sible. The dimensions of the final trap are ra1 = 1 mm,
ra2 = 2 mm, r
b
1 = 3 mm, r
b
2 = 24 mm and l = 2 mm.
These values optimise the gradient for a given current at
a fixed distance from the surface of the conductors.
The magnetic field of the optimised trap is shown is
Fig. 4. The FEM shows the true distribution taking
-10 -5 0 5 10
-10
-5
0
5
10
x
y
-10 -5 0 5 10
0
1
2
3
4
5
6
y
z
-10 -5 0 5 10
-10
-5
0
5
10
x
y
-10 -5 0 5 10
0
1
2
3
4
5
6
y
z
FIG. 4. Contour plots of the magnetic field amplitude along
the xy-plane (first column) and yz-plane (second column).
The top row figures show the FEM output while the bottom
ones the idealised results from the Radia software. The effect
of the non-uniform current density can be clearly seen on the
xy-plane. The grid size used for the FEM results was chosen
as fine as possible consistent with reasonable simulation times.
into account the steady-state non-uniform current den-
sity within the conductors, including the effect of their
shape and temperature variations with position. For
comparison we also plot the idealised magnetic field dis-
tribution. It is interesting to note in Fig. 4 is that there
is a rotation of the field on the xy-plane. This is due to
the profile of the current distribution (Fig 5(a)) which is
dictated by the shape of the trap. The current density
increases significantly at the conical entry point and that
manifests as an apparent rotation of the magnetic field.
The trap behaves like a surface trap albeit at a much
larger scale. Its fourfold symmetry does not give rise to
multipole orders of the field higher than the quadrupole.
A. Construction of the trap
The trap is precision machined from a 2 mm thick cop-
per plate in four identical slices using Wire Electrical
Discharge Machining. Dielectric is placed between the
cuts to keep the slices isolated. The width of the cuts
has been optimised to balance the conflicting demands
of low local temperature and strong, uniform and sym-
metric magnetic field. The conductors are fixed onto a
cooling block which also serves as a mechanical mount-
ing. The current carrying cables are attached to the trap
symmetrically to minimise field distortions. Additional
4(a) (b)
FIG. 5. (a) The current density distribution and (b) the tem-
perature distribution are closely related. The maxima of both
(red regions) correspond to the narrow parts of the conductors
of cross section 2 mm× 2 mm. According to the FEM simu-
lations, the maximum temperature should not exceed 50 ◦C
with the cooling block at 12 ◦C.
shim coils are used to counter external bias fields. The
trap can be cooled very efficiently using a cooling block
with chilled water running through it attached on one
side of the trap. The cooling block in FEM is modelled
as a block of copper that has water flowing through it at
a pressure of 4 bar and temperature of 12 ◦C. There is
a large thermal conductance because of the large surface
area which leads to efficient cooling. FEM show that the
trap stays at less than 50 ◦C with 400 A running through
it. More importantly, due to its small thickness, cooling
should be uniform across the volume of the trap although
some warmer spots are generated where the current den-
sity is high. Nevertheless, these are symmetric and there-
fore do not distort the field. A significant advantage over
using two separate coils is that any fluctuations coming
from non-laminar water flow or uneven heat extraction
are common mode, which increases the stability of the
trap. Numerical simulations of the magnetic field show
that distortions of the field due to corrugations on the
surface of the trap are negligible. The natural length
scale of the trap is a few millimetres, much larger than
features arising from surface roughness.
III. MEASUREMENTS
The magnetic field was measured using a Hall sensor
(634ss2 from Honeywell in a 4-pin DIP package). This
sensor was chosen due to its sensitivity and small size.
Although the height of the DIP package is about 2.2 mm
we were able to measure sub-millimetre field changes with
it since the active area of the sensor is much smaller and
located at about 1.5 mm from its surface. The measure-
ment of the magnetic field was done with a phase sen-
sitive detection scheme to overcome the high frequency
electronic noise (> 1 kHz) and various DC offsets that
were present; a current of 1.8 A switched at 20 Hz was
used that was well within the bandwidth of the Hall
probe. The output of the Hall probe was amplified by
an active low pass filter with τ = 1 ms. After accounting
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FIG. 6. A comparison of the measured magnetic field ampli-
tude (data points) against the numerically calculated profile
(red line). All data are normalised to the maximum magnetic
field at the centre of the trap. The active area of the Hall sen-
sor is taken to be at 1.5 mm from its surface. For this reason
no data were taken at distances smaller than 1.5 mm. The
height is measured from the centre of the trap. The agree-
ment of the experimental data with the the theory is excellent.
Uncertainties arise mainly from the probe resolution and are
roughly proportional to the magnitude of the field.
for the tolerances of the passive elements and the losses
of the phase analyser, the sensitivity of the measurement
was found to be (8±2)×105mV/T. This was more than
adequate for the strength of the fields produced at the
chosen current. As shown in Fig. 6 the measured values
agree extremely well with the expected ones.
We measured the temperature distribution using a
standard type K temperature probe. Since the thinnest
parts of the trap present the highest resistance they tend
to get hotter (as can be seen in Fig. 5(b)). The trap is
water cooled directly using water at 14 ◦C and 10 lt/min
flow (a slightly different configuration than assumed in
FEM simulations). The trap was connected to the high
current leads using 7 cm long copper flats to ensure a
good electrical connection and also distance it from the
current leads since it was found that heat from the leads
was increasing the steady state temperature of the trap.
First, we increased the current in steps of 75 A up to a
maximum of 350 A and let the temperature stabilise at
each step. After switching the current off and waiting for
the temperature to stabilise again the maximum current
was run through the trap and the cycle repeated. One
period of this cycle can be seen in Fig. 7. The maxi-
mum temperature of about 48 ◦C was reached at a lower
current than expected from the numerical simulations,
350 A cf. 400 A. This is mainly due to the thermal con-
ductance being less than assumed in the FEM simula-
tions. Therefore, a system where water in direct contact
with the surface of the copper conductors was used to
cool the trap and achieve design specifications. We note
that this is the maximum steady state temperature that
is attained after about 10 min of operation of the trap at
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FIG. 7. Measurement of the temperature of the trap for var-
ious values of the applied current. The temperature is mea-
sured at the hottest point of the trap (see Fig. 5(b)). In the
first cycle the temperature is left to stabilise for the shown
current values. The second cycle represents a more realistic
operation of the trap where the maximum current is applied
instantly.
maximum current. In practice we expect the trap to be
operated only for a few minutes per experimental run so
its working temperature will be even lower.
IV. CONCLUSION
We have demonstrated a new concept for a mm-scale
surface trap that incorporates good aspects of the two
main trap categories; micro- and macroscopic. It can be
situated outside the vacuum region since the trap centre
is at 2 mm from its surface and its power consumption
is modest (∼1 kW). Although there is scope for further
improvements of this design in future iterations, it is ca-
pable of producing very high gradients (> 1000 G/cm)
and can be water-cooled very efficiently because of its
small size and large surface area. Cold atoms applica-
tions where compactness is important could greatly ben-
efit from this trap concept.
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